As population and water demand increase, there is a growing need for alternative water supplies from water reuse and desalination systems. These systems are beneficial to water augmentation; however, there are concerns related to their carbon footprint. This study compiles the reported carbon footprint of these systems from existing literature, recognizes general trends of carbon footprint of water reuse and desalination, and identifies challenges associated with comparing the carbon footprint. Furthermore, limitations, challenges, knowledge gaps, and recommendations associated with carbon footprint estimation tools are presented. Reverse osmosis (RO) technologies were found to have lower CO 2 emissions than thermal desalination technologies and the estimated carbon footprint of seawater RO desalination (0.4-6.7 kg CO 2 eq/m 3 ) is generally larger than brackish water RO desalination (0.4-2.5 kg CO 2 eq/m 3 ) and water reuse systems (0.1-2.4 kg CO 2 eq/m 3 ). The large range of reported values is due to variability in location, technologies, life cycle stages, parameters considered, and estimation tools, which were identified as major challenges to making accurate comparisons. Carbon footprint estimation tools could be improved by separating emissions by unit process, direct and indirect emissions, and considering the offset potential of various resource recovery strategies.
INTRODUCTION
Water and wastewater utilities are increasingly adapting to climate variability and associated supply reliability issues (Major et al. ) . In addition, many parts of the world are facing periods of prolonged drought, increasing population, and urbanization which place pressure on traditional water resources (Zimmerman et al. ;
Padowski & Jawitz ). Accordingly, some locations have turned to the implementation of water reuse and desalination systems to meet growing water demands. While water reuse and desalination are beneficial to water managers, in some cases these systems are more energy intensive than conventional water supply and treatment, ; EnviroSim Associates Ltd ). These studies provide designers, managers, and researchers with useful information; however, further research is needed to understand the major trends of carbon footprint of water reuse and desalination systems and current state of available tools for estimating the carbon footprint of these systems.
Therefore, the goal of this review is to identify the needs for future research and practice that could facilitate accurate carbon footprint estimations of water reuse and desalination systems. Previous studies were compared to identify challenges, trends, and major factors impacting the carbon footprint and GHG emissions of water reuse and desalination systems. Additionally, carbon footprint estimation tools were reviewed to identify limitations, challenges, and knowledge gaps. Lastly, recommendations are provided to support the development of a more accurate and applicable carbon footprint estimation tool for water reuse and desalination systems.
THE CHALLENGE OF CARBON FOOTPRINT COMPARISONS
Based on limited data available in the literature, the estimated carbon footprint associated with RO desalination ranges from 0.4 to 6.7 kg CO 2 eq/m 3 , whereas water reuse systems range from 0.1 to 2.4 kg CO 2 eq/m 3 . These wide variations in range can be largely attributed to impacting factors including: location, technologies evaluated, life cycle stages considered, parameters considered, estimation methodologies, and the overall lack of representative studies that consider carbon footprint. Table 1 highlights the wide variation in these major impacting factors from representative studies.
Location has a large impact on site-specific conditions of water reuse and desalination systems such as electricity mix, water quality, and geographical conditions, leading to changes in carbon footprint estimations. For example, various studies showed that the electricity mix used for energy production has a large impact on Scope 2 emissions (Raluy et al. , a, b; Ortiz et 
CARBON FOOTPRINT TRENDS
Despite the challenges to compare the carbon footprint from various studies, the carbon footprint of desalination systems was generally found to be higher than water reuse systems In this study, seawater is treated to potable standards while reclaimed water is treated to replace potable water used for irrigation and other non-potable reuse applications.
Another study found that the carbon footprint of certain tertiary technologies for water reuse (e.g. ozone or ozone peroxide) was 85% less than seawater RO desalination 
Trends of carbon footprint of desalination
Reverse osmosis technologies were reported to have significantly lower CO 2 emissions than thermal technologies (e.g.
multi-effect distillation (MED), multi-stage flash (MSF)) for an equivalent volume of water produced under similar electricity mixes (see Table 2 ). This is largely because the energy required for the high pressure pump needed to overcome osmotic pressure in RO systems (4.0-4.5 kWh/m 3 ) is lower than the energy required to provide heat for thermal tech- 
CARBON FOOTPRINT ESTIMATION TOOLS FOR WATER REUSE AND DESALINATION Availability and applicability
Sixteen available emission tools with varying levels of applicability to water reuse and desalination were reviewed. 
KNOWLEDGE GAPS, LIMITATIONS, AND CHALLENGES OF CARBON FOOTPRINT ESTIMATION

Life stages and parameters considered
Differences in carbon footprint results arise from differences in specific life stages, parameters, and system boundaries considered in the carbon footprint estimation tools. Stokes & Horvath (2006 , 2011a . Further research is needed to quantify the direct process emissions (e.g. fugitive CH 4 and N 2 O) and the carbon footprint reduction due to control technologies. The Johnston tool, WWEST, and WESTWeb also include some process-specific carbon footprint estimates from relevant materials and equipment (e.g. filter media, membranes, and blowers). This enables the identification of carbon intensive processes, which can enhance mitigation efforts. However, further investigation is needed to determine the appropriate life stages and parameters to include in a carbon footprint analysis of water reuse and desalination facilities.
Input data
A major difference between the hybrid LCA tools and the specific tools is the amount of input data required for a comprehensive analysis. A large amount of data is required to conduct a comprehensive analysis using hybrid LCA tools.
Users are not required to enter all of the inputs; however, the arbitrary selection of default data inputs could lead to inaccurate estimations. Additionally, some water reuse and desalination facilities may not have or collect sufficient input data required by the hybrid LCA tools (Mihelcic et al. ) . The lack of input data collected in practice is thus a limitation to the successful implementation of the hybrid LCA tools.
In contrast, the specific tools require fewer inputs than the hybrid LCA tools, since they focus only on emissions associated with the operational life stage. Fewer inputs could be beneficial to facilitate widespread adoption and provide water utility decision makers an easy-to-use tool for evaluation of carbon footprint.
To evaluate the differences of available tools, two were compared using data from a previous study (Stokes & Horvath ) . The Tampa Bay Water tool represents the simplest available tool requiring minimal data inputs (e.g. electricity consumption, electricity mix), whereas WEST-Web represents a more sophisticated tool requiring extensive data inputs (e.g. material production, chemical usage, fuel usage, electricity consumption, electricity mix). Another limitation for most tools is the lack of separation between Scope 1, 2, and 3 carbon footprint results.
The Tampa Bay water tool, for example, only presents 
RECOMMENDATIONS FOR CARBON FOOTPRINT ESTIMATION TOOL
Efforts to collect input data should increase to obtain enough detailed data to determine critical areas for carbon footprint mitigation. A robust carbon footprint estimation tool would provide separate results by both emission scope and unit process. Quantification and separation of direct Table 8 ).
Some wastewater carbon footprint estimation tools Accounting for the offsets associated with resource recovery would also be beneficial to practitioners and researchers. The GPS-X tool includes offsets due to the recovery of energy, fertilizers, and carbon sequestration from land use (Goel et al. ) , whereas WWEST includes offsets associated with energy and fertilizer co-products (Stokes & Horvath a) . No tool reviewed incorporated the offset potential of water reuse for varying applications and end-uses.
Model validation is important to ensure the accuracy of carbon footprint estimates. For example, carbon footprint estimates from the GPS-X tool were calibrated to match actual data (Goel et al. ) . Estimates of direct emissions can be validated through comparisons to GHG emissions monitored on-site.
SUMMARY
The goal of this study was to identify the needs for future research and practice to facilitate accurate carbon footprint estimations for water reuse and desalination utilities through a critical review of literature and estimation tools. Variations in location, technology, life cycle stages, parameters considered, and carbon footprint estimation tools present challenges to compare results from different studies. Despite these challenges, it was determined that the estimated carbon footprint of seawater RO desalination is generally larger than brackish water RO desalination and water reuse. Future tools should allow for different levels of sophistication for input data, but provide enough detail to determine critical mitigation areas. The separation of direct and indirect emissions, as well as the separation of unit processes contributions from primary, secondary, and tertiary treatment steps and proper resource recovery allocation would provide decision makers a greater ability to make choices that consider carbon footprint in the analysis of alternatives. financial, technical, and administrative assistance in funding and managing the project through which this information was discovered (Project no. 10-12). The authors also acknowledge utilities that participated in the study including Tampa Bay Water,
Miami-Dade Water and Sewer Department, Palm Beach
County Water Utilities, City of Tampa Howard F. Curren CHEApet a User-friendly web-based tool containing some tertiary filtration and UV disinfection estimation capabilities. Future versions will include biological and chemical phosphorus removal, step-feed BNR, and chlorine disinfection estimation abilities, which would be useful to making a more robust tool
The web-based interface is beneficial to user-friendliness, while process-specific estimation capabilities can increase transferability of technology comparisons BSM2G b A dynamic process-based tool that captures variations in operating conditions, temperature, and influent loads over time Dynamic modeling desalination unit processes or tertiary treatment processes for water reuse could be beneficial to a robust tool GPS-X c Future version of GPS-X will include offsets due to fertilizers and carbon sequestration from land use. Additionally, it can be used to evaluate how process changes affect emissions. The GPS-X model was also tested against carbon footprint data from a wastewater treatment facility to calibrate and validate the accuracy of results This is the only tool that used calibration and validation to verify results, which would be useful to the development of a robust water reuse carbon footprint estimation tool mCO2 d User-friendly software that automatically produces a report identifying critical areas to meet emission criteria User-friendly software is a crucial element to the successful development of a carbon footprint tool for water reuse or desalination systems 
